The conformation of the chondroitin-4-sulfate calcium salt was investigated by X-ray analysis.
Chondroitin sulfate is a main component of connective tissue, and exists as a protein-polysaccharide complex. The conformation of the chondroitin-4-sulfate sodium salt was reported by Isaac and Atkins (V) , and those of the chondroitin-6-sulfate and dermatan sulfate sodium salt were reported by Arnot et al. (2) . Although there is no definitive evidence for the proteoglycan to be necessary in calcification, the proteoglycan is believed to relate to the phenomenon. For example, Salvo and Schubert (3) showed that the proteoglycan inhibits the formation of bone minerals, but the ability of the inhibition is lost when the proteoglycan is digested with trypsin, and the bone minerals are produced. Jibril (4) reported the existence of a protease in ossifying cartilage. The protease may digest the proteoglycan. As shown by Woodward and Davidson (5), destruction of the polypeptide core by catheptic hydrolysis leads to the release of calcium in locally high concentrations at the sites of nucleation of bone minerals, and the released calcium ions can be used in the formation of bone minerals.
The function of the proteoglycan in calcification may not only be the storage of calcium ions but also acts in the epitaxy in the formation of nuclei for bone minerals. We performed X-ray analysis of the chondroitin-4-sulfate calcium salt in order to clear this point. The type of screw symmetry, the shape and dimensions on the unit cells, and the repeat length per disaccharide residue were determined by X-ray analysis.
Materials-The starting material was a commercial product (Seikagaku Kogyo, Tokyo, isolated from whale cartilage, sodium salt). The calcium salt was prepared from the sodium salt. The calcium content of the calcium salt was 0.98 to hexosamine as a molar ratio.
Fiber formation-We prepared fibers of the chondroitin-4-sulfate calcium salt for X-ray analysis. A paste, which was made by kneading the chondroitin sulfate powder with a small amount of water, was smeared onto the surface of a ground glass stopper. The stopper was put into the mouth of a flask, and twisted in one direction, then the stopper was taken off from the flask. The paste On the stopper surface was dried on silica gel. The dried paste became a film, and could be easily removed from the stopper. The X-ray diffraction pattern of the obtained film showed a good orientation about the direction of chain axis (the direction of twist), whereas ordering in side packing of the molecular chains was inferior. A suitable specimen for X-ray analysis was prepared by the following processes. A film thus obtained was annealed in a mixed solution, which consisted of 1 ml of buffer solution (0.125 M calcium acetate-0.25 M HCI) and about 1.5 ml of ethanol, at 60°C for 20 min. Then, it was dried rapidly over grains of silica gel. The diffuseness of the X-ray pattern depended remarkably on the amount of ethanol in the mixture used for annealing. The optimum amount of ethanol was different in each film. It seems that the amount of ethanol to give the sharp diffraction lines depends remarkably on the amount of water in the initial films. From a practical point of view, we investigated the optimum amount of ethanol for each film so as to get the best diffraction pattern.
An X-ray fiber diffraction photograph was taken by using Ni-filtered Cu-K o radiation. The film was mounted in a rotation camera with the direction of twist (fiber axis) of the specimen set to be the axis of rotation. An X-ray fiber photograph is shown in Fig. 1 . The radius of the camera was checked by taking an X-ray powder photograph of silicon powder. The chain axis was taken as the c-axis according to the usual nomenclature. The equatorial reflections could be indexed by the following equation, where d is the lattice distance, and ft and k are the crystallographic indices.
As for the meridian reflection, 003 (0.913 nm) and 009 were observed, consequently all reflections were well indexed referring to a hexagonal type space lattice. The dimensions of the unit cell were determined as a=6 = 1.28nm, e=2.74nm, and T" = 120°A ll indices for the observed reflections and their lattice distances are listed in Table I .
The density of the specimen was measured by the flotation-method using a mixture of bromoform and ethanol. It was 1.63 g/ml. The water in the specimen was determined by measuring the decrease in the weight upon drying under reduced pressure at 105°C. It was 27%. Therefore, the number of disaccharide residues in the unit cell was calculated to be six.
Since 003 (0.913 nm) and 009 were observed, the conformation of the chondroitin-4-sulfate calcium salt in fiber is a three-fold helix as well as the sodium salt (/), and the repeat length per disaccharide residue of the calcium salt is 0.913 nm, which is shorter than that of the sodium salt (0.960 nm, (7)). Two molecular chains are packed in the unit cell of the calcium salt, and they may be antiparallel to each other.
Isaac and Atkins reported a three-fold lefthanded helix for the chondroitin-4-sulfate sodium salt. The repeat length of the calcium salt is slightly shorter than that of the sodium salt. Therefore, the conformation of the chondroitin-4-sulfate calcium salt is similar to the sodium salt. The unit cell of the calcium salt is smaller that of the sodium salt (a=1.45 nm, c=2.88 nm for sodium salt; a=1.28nm, c=2.74 nm for calcium salt). Generally, divalent metal ions interact more strongly to any anionic polymer than monovalent ions. This is true in the case of chondroitin sulfate. We recognized that the degree of calcium ions binding to chondroitin sulfate is larger than that of sodium ions (Tanaka, K., manuscript in preparation). Therefore, the unit cell of the calcium salt may be smaller than that of the sodium salt.
Atkins et al. (6~) reported that chondroitin sulfate-protein complex aggregated with hyaluronic acid and disaggregated proteoglycan give essentially similar X-ray photographs which correlate with the chondroitin-4-sulfate component, so that the conformation of chondroitin sulfate is not changed by the aggregation. And they reported that the conformation of chondroitin-4-sulfate in the proteoglycan is a two-fold helix as to the sodium salt. On the other hand, that of the calcium salt was a three-fold helix. The repeat length of the twofold helix and the three-fold helix of the sodium salt, and of the three-fold helix of the calcium salt are the same extent as each other, 0.96 nm, 0.98 nm, and 0.91 nm, respectively. Therefore, the higher structure of the aggregated proteoglycan may not be largely changed even if the concentration of calcium ions in medium, where it is placed, increases.
Bettelheim reported (7) a meridian reflection of 0.98 nm for the chondroitin^4-sulfate calcium salt. This value is different from our datum of 0.913 nm. And the equatorial reflections are different. His sample was obtained by crystallization from an aqueous solution with ethanol (8) .
The conformation in the crystal may be different from that in the sample prepared from paste as described previously.
The main component of bone minerals is apatite which has hexagonal unit cell with dimensions a=0.937 nm and c=0.688 nm (9) . The lengths of the a-axis and the c-axis are the same extent as the repeat length of disaccharide and the half length of the a-axis of the chondroitin-4-sulfate calcium salt, respectively. The possibility of epitaxy of the proteoglycan for the formation of bone minerals cannot be denied.
